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The wind work on oceanic near-inertial motions is suggested to play an important role in furnishing the
diapycnal mixing in the deep ocean which affects the uptake of heat and carbon by the ocean as well as
climate changes. However, it remains a puzzle where and through which route the near-inertial energy
penetrates into the deep ocean. Using the measurements collected in the Kuroshio extension region during
January 2005, we demonstrate that the diapycnal mixing in the thermocline and deep ocean is tightly related
to the shear variance of wind-generated near-inertial internal waves with the diapycnal diffusivity 6 3
1025 m2s21 almost an order stronger than that observed in the circulation gyre. It is estimated that 45%–62%
of the local near-inertial wind work 4.5 3 1023 Wm22 radiates into the thermocline and deep ocean and
accounts for 42%–58%of the energy required to furnishmixing there. The elevatedmixing is suggested to be
maintained by the energetic near-inertial wind work and strong eddy activities causing enhanced downward
near-inertial energy flux than earlier findings. The western boundary current turns out to be a key region for
the penetration of near-inertial energy into the deep ocean and a hotspot for the diapycnal mixing in winter.
D
iapycnal mixing in the deep ocean affects the uptake of heat and carbon by the ocean as well as climate
changes1–4. Tomaintain the abyssal stratification, 2 TWenergy is required to furnish the diapycnalmixing
in the deep ocean (defined as the region below the main thermocline in this paper)1,5. Tidal dissipation in
the open ocean is estimated to be only about 1 TW6. It has been conjectured that the wind work on oceanic near-
inertial motions, estimated between 0.5–1.4 TW7–9, may play an important role in closing the energy budget.
However, observations10 in the Northeastern Pacific indicated that only a minor (12%–33%) portion of near-
inertial wind work was able to radiate into the deep ocean, similar to the earlier findings based on numerical
simulations11,12. Therefore, it remains a puzzle where and through which route the near-inertial wind work
penetrates into the deep ocean. Theoretical and numerical studies suggested that the downward radiation of
near-inertial energy can be significantly enhanced in the presence of mesoscale eddies13–17. Given that the storm
tracks associated with energetic near-inertial wind work are remarkably coincident with regions of strong eddy
activities15, it might be possible that themidlatitude western boundary current region, especially the Kuroshio and
its extension, is one of the key sites for the penetration of near-inertial energy flux. However, evaluating the
relation between mixing and wind-generated near-inertial motions requires concurrent velocity and hydro-
graphic measurements with high temporal resolution, which is still a formidable challenge in this region due
to the unfavorable weather and oceanic environment in the storm seasons.
The strength of diapycnal mixing is typically measured by the turbulent kinetic dissipation rate estimated from
microstructure measurements. Due to their high cost, the existing microstructure measurements in the Kuroshio
and its extension are quite limited and are only confined to the upper 300 m18–20. In particular, none were
implemented in the winter time due to the weather limitations, making it unable to sample the mixing associated
with strong near-inertial wind forcing. Away from the Kuroshio front and below the mixed layer, internal waves
make the dominant contribution to shear variance19–21, suggesting that the diapycnal mixing is mainly furnished
by internal wave breaking. As an alternative, the diapycnalmixing can be inferred from the internal-wave induced
finescale O(10-100 m) strain and shear by using a finescale parameterization22–24. The long-term moorings
deployed by the Kuroshio Extension System Study (KESS) provide an opportunity to assess the relation of
wind-generated near-inertial internal waves and deep-ocean mixing. Each mooring was equipped with a
McLane Moored Profiler moving vertically to sample the salinity, temperature, and horizontal velocity between
,250–1500 m. The time interval between successive profiles is typically about 15 hours. But it was reduced to
2 hours in January 4–22, 2005 for KESS Mooring 7 so that the diapycnal mixing and near-inertial signals can be
estimated concurrently. There was also an up-looking Acoustic Doppler current profiler (ADCP) deployed at
,250 m. The horizontal velocity measured by ADCP is averaged hourly and is available throughout the deploy-
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ment. Here we will use the data of Mooring 7 to analyze the role of
wind-generated near-inertial internal waves in modulating the dia-
pycnal mixing in the deep ocean.
Results
Mooring 7 is located about 300 km to the south of the Kuroshio front
where the sea surface temperature is marked by a sharp north-south
gradient (Fig. 1a). In January 2005, a smooth thermocline is centered
around 600 m with a maximum buoyancy frequency N of 6.2 3
1023 s21 (Fig. 1b). Within 300–1350 m, the shear associated with
the large-scale background flow is 1–2 orders of magnitude smaller
thanN (Fig. 1b), suggesting that the background flow is stable and the
diapycnal mixing is probably furnished by internal wave breaking.
The dissipation rate shows a similar pattern toN (Fig. 1c). Both peak
within the thermocline. The diapycnal diffusivity becomes larger
with increasing depth in the upper 900 m after which depth it
remains almost unchanged (Fig. 1d). In particular, the vertical mean
diapycnal diffusivity between 300–1350 m is 6 3 1025 m2s21, much
larger than ,1025 m2s21 observed in the circulation gyre22,25,26.
Throughout 300–1350 m, the dissipation rate is tightly correlated
to the near-inertial shear variance with correlation coefficients ran-
ging from 0.4, 0.6 (Fig. 2). This suggests the important role of near-
inertial internal waves in modulating the diapycnal mixing. The
correlation coefficient does not show evident reduction with increas-
ing depth, implying that the influence of near-inertial shear on dia-
pycnal mixing may extend to deeper regions not sampled by the
MMP. Unlike the near-inertial shear, the super-inertial shear and
stratification have minor influences on the variation of dissipation
rate. Their correlation coefficients range from 20.2 , 0.3 and are
typically within 0.1, 0.2 (See Supplementary Table 1). Therefore, it
is the energetic near-inertial internal waves that play a major role in
modulating the diapycnal mixing within 300–1350 m.
To identify the origins of energetic near-inertial shear in January,
we analyze its propagation direction. It is well known that vertical
propagation of internal wave energy and shear variance is opposite to
its phase propagation. Therefore, the upward- and downward-prop-
agating internal waves can be separated in the frequency-vertical
wavenumber space (the propagating direction is in the sense of
energy and shear variance henceforth). The frequency-wavenumber
spectrum of vertical shear exhibits pronounced peaks around the
inertial frequency and wavenumber of 0.03 rad m21 (Fig. 3a), sug-
gesting the important contribution of near-inertial internal waves to
the shear variance and thus diapycnalmixing. In particular, the peaks
in the first and third quadrants are much stronger than those in the
second and fourth quadrants, consistent with the dominant down-
ward-propagating wavepackets.
As the frequency-wavenumber spectrum may be distorted by the
horizontal advection, we further analyze the rotary spectrum of shear
with respect to depth (Fig. 3b)27. The shear exhibits dominant clock-
wise rotation with increasing depth at wavenumbers smaller than
0.1 rad m21 (wavelengths larger than 60 m). For near-inertial
internal waves, dominant clockwise rotation over counter-clockwise
rotation is associated with downward energy propagation. Therefore,
the rotary spectrum analysis is consistent with the frequency-wave-
number spectrum analysis. Both indicate that the energetic near-
inertial shear in January ismainly furnished by the near-inertial wind
work.
In January, the mean downward near-inertial energy flux F within
300–1350 m estimated from the frequency-wavenumber spectrum is
(2.4 6 0.4) 3 1023 Wm22. Provided that the energy flux at the
bottom (1350 m) is significantly smaller than that at the top
(300 m), F is a reasonable estimate for the difference DF of energy
flux at the top and the bottom (See the Method Section for details).
Therefore, DF accounts for 42%–58% of the depth-integrated dis-
sipation rate 4.8 3 1023 Wm22 at the same period, further support-
ing the important role of near-inertial energy in maintaining the
diapycnal mixing.
The efficiency of downward radiation of near-inertial wind work
can be evaluated by comparing the wind work and downward energy
flux. The observed mean near-inertial wind work from December
2004 to January 2005 is 4.5 3 1023 Wm22. Here the wind work in
December is included as the energy flux in early January within 300–
1350 mmay be furnished by the wind work in late December due to
the propagation time. This suggests that about 45%–62% of the wind
work in December and January is able to radiate into the deep ocean.
The computed efficiency is more than twice the 12%–33% estimated
in the Northeastern Pacific10. The enhanced downward radiation
may be due to the vertical geostrophic vorticity fg which shifts the
lower bound of internal wave frequency from the Coriolis frequency f
to the effective Coriolis frequency feff~fz
1
2
fg
13. In the Northern
Hemisphere, this can accelerate the downward radiation of near-
inertial energy in the negative-fg region so that a larger portion of
near-inertial energy can penetrate into the deep ocean before being
dissipated14–16. Mooring 7 is located in the region with negative fg
from January 4 to 14 (Fig. 4a). The mean fg during this period is
20.06 f. As most of the enstrophy is contained in the horizontal
wavenumber band (2 2 3) 3 1025 rad m21 (See Supplementary
Fig S1), the gradient of fg is much larger than the planetary vorticity
gradient. Therefore, the geostrophic vorticity plays a dominant role
in the propagation of near-inertial internal waves16. Within January
4–14, there is pronounced downward radiation of near-inertial
Figure 1 | Energetic diapycnal mixing in January 2005 (a) Reynolds sea surface temperature on January 1, 2005 and location of KESS moorings.
(b) The mean buoyancy frequency (red) and shear magnitude (blue) associated with the large-scale background flow during January 4–22, 2005. (c) and
(d) Similar to (b) but for the dissipation rate and diffusivity with 90%-confidence intervals derived from the bootstrap method.
www.nature.com/scientificreports
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energy (Fig. 4b). The mean downward near-inertial energy flux is
increased to (3.5 6 0.6) 3 1023 Wm22 during the period January 4–
14 but it is reduced to (1.5 6 0.3) 3 1023 Wm22 during the period
January 14–22, suggesting the important role of negative geostrophic
vorticity in draining near-inertial energy into the deep ocean.
Furthermore, it is possible that not all the near-inertial energy is
furnished by the wind work locally. In particular, the horizontal
radiation of near-inertial energy may also play an important role
in the energy budget. As demonstrated in the theoretical and numer-
ical studies14,17, the near-inertial energy in the mixed layer tends to
radiate from the positive-fg region to the negative-fg region hori-
zontally. To test whether this idea also works in the reality, we ana-
lyze the correlation of near-inertial kinetic energy Qmixi in the mixed
layer to fg. Here Q
mix
i is defined as the average within 0–50 m. But
using a different mixed-layer depth, i.e., 100 m, does not make any
substantial impact on the conclusion. Before implementing the cor-
relation analysis, the wind work, fg, and Q
mix
i are binned for each 5-
day interval with each half of each bin overlapping to remove the
irrelevant high-frequency variability.Qmixi exhibitsmoderate correla-
tion to fg with a correlation coefficient rf of 20.27 (significant at
,1% significance level based on a t-test), suggesting that Qmixi is
stronger when fg is negative. This is consistent with the scenario
where the near-inertial energy in the mixed layer tends to radiate
from the positive-fg region to the negative-fg region. It should be
noted that r2f is much smaller than r
2
W where rW 5 0.59 is the cor-
relation coefficient betweenwindwork andQmixi . Therefore, thewind
work plays a dominant role in furnishing the near-inertial motions in
themixed layer andmay distort the relationship betweenQmixi and fg.
To isolate the effect of geostrophic vorticity, we compareQmixi under
negative- and positive-fg conditions during the periods with weak
wind forcing. As can be seen from Fig. 4c and 4d,Qmixi is enhanced in
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Figure 2 | Correlation of near-inertial shear variance S2i to dissipation rate in January 2005 at different depth segments. R denotes the correlation
coefficient.
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Figure 3 | Downward radiation of near-inertial shear (a) The frequency-wavenumber spectrum (unit: m s21) of vertical shear. The spectrum in the first
and third quadrants is associated with downward-propagating wavepackets while the spectrum in the second and fourth quadrants is associated with
upward-propagating wavepackets. (b) The rotary spectrum of vertical shear. The red and blue lines represent the clockwise and counter-clockwise
rotation with increasing depth, respectively. The shaded regions are the 90%-confidence intervals computed from the bootstrap method.
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the negative-fg condition. The enhancement becomes progressively
more evident with the weakened wind forcing. For periods with wind
work smaller than its 15% percentile, Qmixi in the negative-fg con-
dition is twice that in the positive-fg condition, suggesting the tend-
ency of near-inertial energy to radiate from the positive-fg region to
negative-fg region. The negative-fg regions may act as chimneys
through which the near-inertial wind work penetrates rapidly into
the deep ocean.
The near-inertial wind work shows evident seasonality. It is sig-
nificantly elevated in winter (See Supplementary Fig S2). The mean
windwork from June toNovember 2004 is 1.53 1023 Wm22 while it
increases to 4.5 3 1023 Wm22 in December 2004-January 2005.
Correspondingly, the near-inertial kinetic energy in the upper
200 m shows pronounced enhancement in December and January
(See Supplementary Fig S2). If the wind-generated near-inertial
internal waves played an important role in modulating the diapycnal
mixing, a similar seasonal cycle would be expected in diapycnal
mixing. This is confirmed by the observations. The diapycnal mixing
in the upper 300–1350 m exhibits pronounced seasonal variation
with much stronger dissipation rates in December and January
(Fig. 5). The mean value in December and January is about 3 times
of that in the other months. This provides further evidence for the
significant contribution of near-inertial wind work to maintaining
diapycnal mixing in the deep ocean.
In this study, we demonstrate the important role of wind-gener-
ated near-inertial internal waves inmodulating the diapycnal mixing
in the deep ocean at KESS Mooring 7. It should be noted that the
elevated diapycnal mixing in winter and the enhanced downward
near-inertial energy flux in the presence of negative geostrophic
vorticity are common features in the Kuroshio and its extension
(See Supplementary Fig S3 and S4), suggesting that the conclusions
in this study are broadly representative there. Due to the strong eddy
activities and energetic near-inertial wind work, the western bound-
ary current turns out to be a key region for the penetration of near-
inertial energy flux into the deep ocean and a hotspot for the dia-
pycnal mixing in winter.
Discussion
In the past 50 years, the near-inertial wind work in the extra-tropical
Pacific has increased by about 40%7 probably due to the increased
frequency and intensity of extra-tropical atmospheric cyclones28. As
the near-inertial wind work plays an important role in furnishing
the diapycnal mixing in the deep ocean, this may result in a
strengthened Meridional Overturning Circulation and/or an ele-
vated eddy kinetic energy at midlatitudes1,5. To capture these effects,
high-resolution climate models are necessary to resolve the mesos-
cale eddies and near-inertial winds especially in the western bound-
ary current regions.
Methods
Data. The in situ current and hydrographic data are obtained from the KESS
moorings. Each mooring consisted of a subsurface float at 250 m with an up-
looking Acoustic Doppler current profiler (ADCP), a McLane Moored Profiler
(MMP), and current meters at greater depths. The horizontal velocity measured
by ADCP is averaged hourly and is interpolated onto a 10-m grid. The MMP
samples horizontal velocity, temperature, and salinity from 250 m to 1500 m
every ,15 h. But the time interval between successive profiles was reduced to 2 h
for Mooring 7 between January 4–22, 2005. All the data have undergone quality
control. A detailed description is available through the online access http://uskess.
org/data_public.html.
The Kuroshio Extension Observatory (KEO) mooring was anchored at
32u21.09N, 144u38.29E. It is always located within 10–15 km of KESS Mooring 7.
It measures the surface air pressure, relative humidity, air temperature, and winds
with a temporal resolution of 10 min. More details are at http://www.pmel.noaa.
gov/keo/.
The mesoscale vorticity is computed from the merged satellite altimetry sea level
anomaly (SLA) using the geostrophic relation. The daily SLA data are provided by
AVISO on a horizontal grid of 1/3u.
Finescale parameterization.The turbulent dissipation rate can be expressed in terms
of finescale strain and shear as22–24
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e~e0
N2
N20
vS2zw2
GMvS2zw2
h1(Rv)j(f =N) ð1Þ
where GMvS2zw is shear variance from the Garrett-Munk model spectrum29 treated
in the sameway as the observed shear variancevS2zw, andRv~vS
2
zw=(N
2vj2zw)
represents shear/strain variance ratio. The finescale parameterization is only
applicable to the region away from the boundary layer and where internal wave
breaking makes major contribution to the mixing. In addition, it requires that the
wave-wave interactions dominate wave-mean flow interactions in the downscale
energy cascade30. The relative importance of wave-mean flow interactions and wave-
wave interactions is measured as rs 5 8Sl/Nwhere Sl is the magnitude of vertical shear
associated with the large-scale background flow30. The finescale parameterization is
valid when rs is smaller than 130. With these conditions satisfied, previous
observations23,24 indicate that estimates from finescale parameterization agree with
microstructure measurements within a factor of 2. The region 300–1350 m is well
below the surface mixed layer. The background flow here is stable (Fig. 1b) and its
shear is much smaller than that associated with internal waves, implying that the
diapycnal mixing is furnished by internal wave breaking. Furthermore, the value of rs
ranges from 0.1–0.7, suggesting the dominance of wave-wave interactions over wave-
mean flow interactions. Therefore, the finescale parameterization is valid.
Internal wave shear and strain are estimated from horizontal velocity and buoy-
ancy frequency22. Each vertical profile is divided into 300-m segments with each half
of each segment overlapping. Then Fourier transform gives the spectral representa-
tion w(k) for each segment using the multi-taper technique. Strain variancevj2zw
and shear variancevS2zw is determined by integrating w(k) from the lowest resolved
wavenumber kmin~
2p
150
rad m21 out to a maximum wavenumber kmax so that
vj2zw,vS
2
zw~
ðkmax
kmin
w(k)dk~A ð2Þ
HereA is 0.13 for strain and 0.39 for shear, leading to a kmax~
2p
16
radm21 for theGM
spectrum29. This avoids underestimation of dissipation rates31 in case that the spectra
become saturated at kv 2p
10
rad m21. The GM strain and shear variance are com-
puted over the same wavenumber band.
The diapycnal diffusivity can be expressed in the form of
K~C
e
N2
ð3Þ
where C is mixing efficiency and typically taken to be 0.232.
The shear and strain spectra in the upper 300–1350 m are consistent with the
saturated finescale spectral theory (See Supplementary Fig S5)31, supporting the
validity of the finescale parameterization30. The shear spectra seem to be contami-
nated by the measurement errors at kw 2p
16
rad m21. But the contamination does not
affect the computed dissipation rate for our choice of A 5 0.39 as the resulted kmax is
typically smaller than
2p
16
rad m21.
The frequency-wavenumber spectrum and downward near-inertial energy flux.
The vertical shear is computed from the first-order difference of the horizontal
velocity measured byMMP. The frequency-wavenumber spectrumW(v,k) of vertical
shear is estimated using the 2-Dimensional Fourier transform. Then the verticalmean
downward near-inertial energy flux within 300–1350 m can be computed as:
F~
ðð
2v2
v2zf 2
r0W(v,k)
2k2
cgz(v,k)dvdk ð4Þ
where cgz~{
v2{f 2
2vk
is the vertical group velocity and r0 is the density of sea water.
The integrand is integrated over the (v,k) space where cgz , 0 and f , jvj , 1.4f.
Before transform, the horizontal velocity isWKB-scaled and the vertical coordinate is
WKB-stretched. Furthermore, the time coordinate is stretched in form of dt 5 feff/fdt
to account for the shift of the lower bound of internal wave frequency from f to
feff~fz
1
2
fg . Nevertheless, applying these modifications or not only has a minor
influence on the computed downward near-inertial energy flux with a change less
than 30%.
The statistical confidence interval for downward near-inertial flux is difficult to
estimate. Here the confidence interval is computed by evaluating the sensitivity of
frequency-wavenumber spectrum on the window used before transform. Generally,
smoothing W(v,k) tends to increase the downward energy flux. The rectangular
window (no smoothing) yields the smallest value 2.0 3 1023 Wm22 while the Parzen
and Chebyshev windows lead to the largest value 2.8 3 1023 Wm22.
Define rF as the ratio of Fb to Ft where Ft and Fb represent the flux at 300 m and
1350 m, respectively. As F is approximately equal to
1
2
(FtzFb), the difference of Ft
and Fb can be expressed as
DF~
2(1{rF)
1zrF
F ð5Þ
For rF ranging from 0.1–0.5, DF and F agree within a factor of 1.6. The exact value for
rF is difficult to estimate but the following analysis suggests that it should be sig-
nificantly smaller than 1. Therefore, F is a reasonable estimate for DF.
During January 4–22 2005, the mean Qi within 300–1350 m is about 3.3 3
1023 m2s22 while it decreases to 0.8 3 1023 m2s22 at 2000 m (computed from the
Aanderaa current meter). The pronounced reduction of near-inertial energy with
increasing depth cannot be simply explained by the varying stratification as the mean
buoyancy frequency between 300–1350 m is only twice the value around 2000 m
(The WKB theory predicts Qi / N). Therefore, the near-inertial internal wave field
below 1350 m is much weaker than that within 300–1350 m, suggesting that rF
should be significantly smaller than 1. Otherwise, the bulk of near-inertial energy flux
would radiate into the abyssal ocean, leaving a small portion to furnish near-inertial
internal waves within 300–1350 m. Such a scenario is inconsistent with much weaker
near-inertial internal waves at 2000 m than those within 300–1350 m.
Near-inertial wind work. The wind work on the near-inertial motion in the mixed
layer can be computed directly as:
W~~ti:~ui ð6Þ
where~ui and~ti are the near-inertial velocity in the mixed layer and wind stress,
respectively. Here~ui is derived from the hourly ADCPmeasurements while the wind
stress is acquired from the KEO Mooring. The near-inertial motion is isolated by
band-pass filtering so that the frequencies between 0.8–1.4 f are retained.
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